arise from the HE21b cavity mode, as determined from its pronounced emission polarization along the NW axis combined with theoretical calculations of lasing threshold for guided modes inside the nanowire. Even without intentional passivation of the NW surface, the lasing emission can be sustained up to 150 K. This is facilitated by the improved surface quality due to nitrogen incorporation, which partly suppresses the surface-related non-radiative recombination centers via nitridation. Our work therefore represents the first step towards development of room-temperature infrared NW lasers based on dilute nitrides with extended tunability in the lasing wavelength.
A semiconductor nanowire naturally forms a cavity and gain medium and is, therefore, considered as an optimal building block for nano-lasers, which are technologically important for integration in highly compact optoelectronic systems. The successful demonstration of lasing in NWs has been reported for a variety of materials with a broad spectral coverage, first over nearultraviolet (UV) and visible spectral ranges and later extending to the near-infrared (NIR) spectral region [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The latter is currently attracting a growing attention as developments of efficient NIR lasers are essential e.g. for telecommunications, sensing and medical diagnostic. Current optically-pumped NIR NW lasers are most often based on GaAs/AlGaAs, GaAs/GaAsP and InGaAs/GaAs materials [10] [11] [12] 17] . Here, the extensive research efforts were devoted to optimization of gain medium design as it determines the key parameters of laser performance, including a threshold pump density, differential gain, modulation bandwidth and thermal stability.
For example, the core-shell structure of the NW cavity, where the shell has a wider bandgap than the core, is often employed to confine carriers in the core region, thereby minimizing loss due to non-radiative recombination processes and also enhancing optical amplification of cavity modes that are mainly distributed at the NW center [10, 11] . On the other hand, the shell region can also contribute to the optical gain by incorporating radial multiple quantum wells (QWs) [7, 18, 19] . In this case, higher-order cavity modes with a ring-like light distribution become dominant in the optical output. Therefore, band engineering combined with quantum confinement effects in the NW heterostructures offer an attractive possibility to manipulate the lasing modes and also lasing wavelengths as desired for specific applications.
Flexibilities in the laser design can be further extended by utilizing III-V alloys as a gain media.
One of the attractive material systems for these purposes is the GaNAs alloy. A small addition of nitrogen (N) into GaAs causes a strong perturbation of the conduction band (CB) states. It leads to admixing of the CB minimum with the upper lying extended and N-related localized states [20] [21] [22] , and consequently gives rise to a dramatically reduced bandgap. This is accompanied by a significant increase of the electron effective mass [23] [24] [25] , which improves electron confinement in the GaNAs-based QW structures and reduces spill-out of carriers into the barrier layers, therefore improving thermal stability of laser structures [26] . Moreover we have shown [27, 28] that the presence of N to a certain extent improves surface properties in NW structures, likely via partial nitridation that suppresses non-radiative surface recombination known to be highly detrimental for GaAs NWs [29] . This leads to improved thermal stability of radiative efficiency, as desired for practical device applications. Given the merits above, implementing GaNAs alloys in the NW structures is expected to be advantageous for optoelectronic applications. In this study, we provide the first demonstration of lasing from a GaNAs shell co-axially grown on a GaAs core, i.e. from the GaAs/GaNAs core/shell nanowire. The lasing is attributed to the HE21b cavity mode and can be sustained up to ~ 150 K, even without intentional protection of the GaNAs surface. The utilized design with the active region in the GaNAs shell allows us to investigate lasing via ringlike cavity modes. It is also due to the fact that the growth of the high quality GaNAs crystal requires a lower growth temperature in comparison with that for GaAs, -see Methods. Therefore, the GaAs core was first grown to serve as the base for the outer GaNAs shell. We note, however, that further optimization and new development of the growth process should also allow fabrication of an inverted structure with an active GaNAs core and passivating GaAs shell, where amplification of the centrally confined fundamental modes can be achieved. The feasibility of the axial growth of dilute nitride NWs without involvement of the N-free core has recently been demonstrated in the GaNP system, where the GaNP growth was achieved by using a short seed segment of GaP [30] . The work presented here, therefore, demonstrates the potential of the GaNAs alloys as an active gain media and represents the first step towards realization of the GaNAs-based NW lasers. shown in Figure 1d . The spectrum is dominated by a broad asymmetric emission, which has a long extension towards low energy and a sharp high-energy cut-off. Based on our previous detailed temperature-dependent PL and PL excitation measurements [28] , this emission arises from Figure 1c . Irrespective of the substrate materials, the decay dynamics of the integrated LE emission can be described by the same radiative lifetime of 3 ns affirming that photonic recombination prevails in the emission process. We attribute the lack of plasmonic-enhanced recombination in the wires lying on an Au substrate to the large cross-section of the NW cavity (~ 400 nm in diameter), which substantially exceeds the scale of the plasmonic modes that is typically on the order of several tens of nanometers [32] [33] [34] [35] .
With increasing excitation power, the PL edge at ~ 1.39 eV blue-shifts to higher energies, Figure 2c and are in excellent agreement with the experimental data.
Next, calculations of the theoretical threshold gain for all guided modes in the NW cavity were performed, to identify the origin of the observed lasing peak. The optical mode with the lowest becomes the most favored for lasing as pump-induced gain increases. The criterion for lasing requires that the round trip gain of propagating light should exceed the total cavity loss i.e.
1.
Here, is the reflectivity of the NW end facets, and represent the mode confinement factor and internal propagation loss of the cavity mode, respectively. This expression allows us to estimate the theoretical as ln , as discussed in detail in Supporting information V. The results of the performed calculations are presented in Figure 3a and show that, at the lasing wavelength of 876 nm, the HE21b mode has the lowest among all guided modes in the nanowire cavity with a diameter ranging between 360 and 450 nm. The in our NWs with a diameter of 400 nm has the theoretical value of ~ 2850 cm -1 , which is comparable with 3300 cm -1 derived from the power dependent measurements. This value is higher than those previously reported for InGaAs/GaAs and GaAs/AlGaAs-based NW lasers [10, 12, 39] with the NW core as the active gain medium, i.e. ~ 1000 -2000 cm -1
. The observed higher value in our NW laser can be accounted for by a large density of the localized tail states due to alloy disorder in the GaNAs shell that needs to be saturated prior to achieving sufficient population of photo-excited carriers for lasing. Other sources that add to the higher threshold in our structures include the light absorption by Au and also light scattering at the imperfect NW end facet, e.g. the pyramid-like top part of the wire as shown in the SEM image (see Figure 1a ).
The lowest possessed by the HE21b mode implies that it is the most favorable mode to gain optical amplification as the pumping fluence increases. In Figure 3b . The crossing of the gain profile occurs at the wavelength of 878 nm, which is in excellent agreement with the observed lasing wavelength of 876 nm, as shown by the overlapped lasing spectrum (the black dashed curve).
The identification of the HE21b mode is further corroborated by the polarization-resolved PL measurements summarized in Figure 4a . It is found that the lasing emission is strongly polarized along the NW axis, as can also be seen from the inset in Figure 4a where the azimuthal dependence of the lasing emission is shown (the green dots). The observed dependence is in good agreement with the far-field polarization pattern for the HE21b mode (the dashed line in the inset of Figure   4a ). To gain further understanding on why the HE21b mode dominates in the studied structures, its distributions in electric field intensity | | and the Ex, Ey and Ez components across the NW crosssection are visualized in Figure 4b -e. It is apparent that the HE21b mode has the maximum intensity within the GaNAs shell and, therefore, has optimal geometric overlap with the gain medium, which enhances the light-matter interaction and ensures amplification of spontaneous emission. Similar results on lasing via 'doughnut'-like TE01 mode was recently reported in radial core/shell NWs with the optically active shell of embedded multiple quantum wells [18] . The lasing emission from the GaNAs shell can be sustained up to ~ 150 K, as shown in Figure   5 . With rising temperature, all lasing modes gradually shift toward longer wavelengths due to a thermal variation of the refractive index [40, 41] . Since the temperature-induced bandgap reduction occurs faster than the modal shift, as reflected by their relative wavelength changes shown in the inset of Figure 5 , the sharp lasing lines at the higher energy side quench fast with temperature with a new mode emerging at a lower energy. A further increase of temperature leads to an overall quenching of the lasing modes due to thermally accelerated non-radiative recombination, which reduces the material gain below the threshold. The measured temperature dependence of the pump threshold ( ) can be described by an exponential function ∝ , with a characteristic temperature of 90 10 K (see Supporting information VI). This value, though lower, is close to the reported of 100 -133 K in GaAs-based lasers [11, 42] . It is well known that NW structures with a high surface-to-volume ratio suffer from detrimental surface- related non-radiative recombination that degrades their radiative efficiency and limits their practical device application. Therefore, lasing at elevated temperatures (e.g. room temperature) was achieved only in the core/shell NW structures with a passivating outer shell with a larger bandgap [10, 12, 18, 42] . The GaAs/GaNAs core/shell NWs in our study still exhibits the capability of lasing up to ~ 150 K without any intentional surface treatment. This is facilitated by the presence of nitrogen in the shell layer, as revealed by our earlier temperature-dependent time resolved PL measurements [27, 28] that showed prolonged carrier lifetime in the shell layer due to suppression of non-radiative surface states, most likely via partial surface nitridation. We, therefore, expect that lasing can be extended to room temperature by further protecting the GaNAs layer in the GaAs/GaNAs core/shell structures, e.g. by a thin (Al)GaAs cap. Using GaNAs as an active material in such structures, which utilize radial lasing modes, may have an advantage of increased tunability in the bandgap energy without employing quantum confinement effects in complicated multishell nanowires with embedded radial multiple QWs, which are known to exhibit a higher threshold gain (e.g. of 5200 cm -1 [18] ) due to partial overlap between the electric field of the lasing mode and the gain medium.
In summary, we have demonstrated the lasing emission from a novel GaAs/GaNAs core/shell NWs. The threshold gain and spontaneous emission coupling factor were determined as being = 3300 cm 
Methods
The investigated GaAs/GaNAs core/shell NWs were grown by plasma-assisted molecular beam epitaxy on (111) Si substrates using constituent Ga as a catalyst to assist NW growth, as discussed in detail in Ref. 43 and 44 . The growth of the GaAs core was conducted in several steps.
First, the GaAs core was grown via vapor-liquid-solid growth at 570 °C and under an equivalent pressure of an As4 beam of 1 × 10
Torr. After 15 min, the growth was interrupted for 15 min to induce crystallization of the Ga catalyst on the tip of the NWs. Then the growth was continued for another 15 min and the substrate temperature was gradually ramped down to 430 °C, as required to achieve N incorporation during subsequent formation of a GaNAs shell. The total diameter of the GaAs core was around 180 nm, as was verified by the performed transmission electron microscopy (TEM) measurements [44] . The GaNAs shell with the N composition of 0.5% was grown for 30 min with an ignited N plasma and having a flux of active nitrogen of 3.5 × 10 −3
ML/s.
The so-obtained GaAs/GaNAs core/shell NWs have the total diameter of 400 nm and an average length of ~ 4 m. They predominantly crystalized in the zinc-blende crystal structure and had only few structural defects (below 5 twins per micrometer) within the bottom part of the wire of 1-2 m, though the twin density progressively increased towards the NW top [45] .
µ-PL measurements were performed in a backscattering geometry in a He-flow cryostat. For these purposes, the NWs were mechanically transferred to either gold or SiO2 substrates. A modelocked Ti: sapphire pulsed laser with a repetition rate of 76 MHz and temporal pulse with of 2 ps was used together with a 50×/NA = 0.5 microscope objective for optical excitation. The laser photon energy was tuned to 1.59 eV to excite the carriers above the GaNAs bandgap (~ 1.39 eV).
The PL signal from the NWs was dispersed by a single grating monochromator and detected by a charge-coupled-device camera. The PL polarization was examined using a linear-polarization analyzer, which comprised of a rotatable half-wave-plate and a fixed Glan- 
